Synergistic effects of dysregulation of the WNT/CTNNB1 and phosphatidylinositol 3-kinase (PI3K)/AKT pathways are thought to be important for the development and progression of many forms of cancer, including the granulosa cell tumor of the ovary. Sustained WNT/CTNNB1 signaling in Sertoli cells causes testicular degeneration and the formation of foci of poorly differentiated stromal cells in the seminiferous tubules in mice. To test if concomitant dysregulation of the WNT/CTNNB1 and PI3K/AKT pathways could synergize to cause testicular cancer, Pten tm1Hwu/ tm1Hwu ;Ctnnb1 tm1Mmt/1 ;Amhr2 tm3(cre)Bhr/1 mice that express a dominant, stable CTNNB1 mutant and lack the expression of phosphatase and tensin homolog (PTEN) in their Sertoli cells were generated. These mice developed aggressive testicular cancer with 100% penetrance by 5 weeks of age, and 44% of animals developed pulmonary metastases by 4 months, whereas Pten tm1H-wu/tm1Hwu ;Amhr2 tm3(cre)Bhr/1 controls were phenotypically normal. Surprisingly, the tumors could not be classified as Sertoli cell tumors, but rather bore histologic and ultrastructural characteristics of granulosa cell tumors of the testis (GCTT). Pten tm1Hwu/ tm1Hwu ;Ctnnb1 tm1Mmt/1 ;Amhr2 tm3(cre)Bhr/1 testicular tumors did not express CYP17, CYP19, germ cell nuclear antigen, estrogen receptor 1 or progesterone receptor, but expressed the early granulosa cell markers WNT4 and FOXL2, confirming the diagnosis of GCTT. Immunohistochemical analyses of Pten tm1Hwu/ tm1Hwu ;Ctnnb1 tm1Mmt/1 ;Amhr2 tm3(cre)Bhr/1 GCTT demonstrated a tumor marker profile similar to that reported in human GCTT. Immunoblotting analyses revealed high levels of phosphorylation of AKT and the PI3K/AKT signaling effector FOXO1A in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/1 ;Amhr2 tm3(cre)Bhr/1 GCTT, suggesting the involvement of FOXO1A in the mechanism of GCTT development. Together, these data provide the first insights into the molecular etiology of GCTT and the first animal model for the study of GCTT biology.
Introduction
Testicular cancer is the most common cause of cancer in men aged between 15 and 44 in developed countries, representing 13.4% of new cancer cases (1) . Most research in this field has focused on germ cell tumors, as these comprise the majority of testicular cancer (2) . Comparatively, little attention has been paid to the sex cord/stromal tumors, although they are thought to represent 5% of all testicular neoplasms (3) . Among the latter group, granulosa cell tumors of the testis (GCTT) are rare neoplasms. Nonetheless, case reports have shown that GCTT have a malignant potential to form distant metastases leading to a very short overall survival (reviewed in ref. 4) . At the present time, treatment options for GCTT are not well established, and very little is known about its origin or of its molecular etiology (4) .
Dysregulated WNT signaling is a hallmark of many forms of cancer (reviewed in refs [5] [6] [7] [8] . Recently, it has been shown that the sustained activation of the WNT/CTNNB1 pathway in the granulosa cells of a genetically engineered mouse model (Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ ) leads to ovarian granulosa cell tumor (GCT) development (9) . Interestingly, Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ ovaries develop multiple follicle-sized premalignant lesions around the time of puberty, and GCT develop in a stochastic manner from these premalignant lesions only after the age of 6 months (9) . In male Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice, sustained activation of the WNT/CTNNB1 pathway occurs in Sertoli cells (10) . This leads to degeneration of the seminiferous tubules, the progressive loss of all germ cells and sterility via a mechanism that is not well understood (10) . Although testicular tumor development was not observed in male Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ animals, multilayered foci of poorly differentiated somatic cells accumulated in many seminiferous tubules, in a manner reminiscent of the premalignant lesions seen in the ovaries (10) . It has been proposed that the cells that formed the multilayered foci could represent primitive gonadal somatic cells uncommitted to the Sertoli cell lineage (10) .
Another intracellular signaling pathway that is dysregulated in many forms of cancer is the PI3K/AKT pathway. Most notably, the tumor suppressor phosphatase and tensin homolog (PTEN) acts as a negative regulator of the PI3K/AKT pathway and is frequently mutated and inactivated in many malignancies (11, 12) . Loss of PTEN leads to increased AKT kinase activity, which modulates the activities of multiple downstream effectors via phosphorylation (13) . One downstream target of the PI3K/AKT pathway is the protein kinase glycogen synthase kinase 3b (GSK3b) (14) . GSK3b also plays a crucial role in the WNT/CTNNB1 pathway as part of a multicomponent complex that is responsible for the phosphorylation and subsequent ubiquitination and proteosomal degradation of CTNNB1 (15) . AKT can therefore promote WNT/CTNNB1 signaling by inactivating GSK3b and thereby causing the hypophosphorylation, stabilization and accumulation of CTNNB1, which translocates to the cell nucleus and modulates the transcriptional activity of specific target genes, including cyclin D2 (16) . Several studies have suggested that this type of cross talk between the PI3K/AKT-and WNT/CTNNB1-signaling pathways is involved in the development and progression of several forms of cancer including mammary gland, prostate, liver and skin (14, (17) (18) (19) . We have recently reported that the addition of a granulosa cell-targeted deletion of Pten to the aforementioned Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ genetic background resulted in a much more aggressive GCT phenotype, characterized by 100% penetrance, perinatal onset and the ability to disseminate locally and distally (20) . The mechanism of synergy between the PI3K/AKT and WNT/CTNNB1 pathways in the latter model remains to be elucidated, but is thought not to involve AKT regulation of CTNNB1 via GSK3b (20) .
The objective of this study was to investigate the possible involvement and synergy of the PI3K/AKT and WNT/CTNNB1 pathways in the formation of sex cord tumors of the testis. Transgenic Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice were generated to test if derepression of PI3K/AKT signaling could trigger cancer development in the multilayered cell foci observed in the seminiferous tubules of Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ animals. Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice developed aggressive, metastatic testicular tumors that were diagnosed as GCTT based on histopathologic and molecular marker analyses. This study therefore demonstrates a synergy between the PI3K/AKT and WNT/ CTNNB1 pathways in the pathogenesis of GCTT and provides the first model system for the study of GCTT biology.
Materials and methods

Animals and sample collection
Genetically modified animals were derived by selective breeding of the previously described Pten tm1Hwu , Ctnnb1 tm1Mmt and Amhr2 tm3(cre)Bhr parental strains (21) (22) (23) . Genotyping analyses for the Amhr2 tm3(cre)Bhr and Ctnnb1 tm1Mmt alleles were performed by polymerase chain reaction (PCR) on DNA obtained from tail biopsies as described previously (23, 24) . Mice bearing the Pten tm1Hwu allele were obtained from The Jackson Laboratory (Bar Harbor, ME), and DNA samples from tail biopsies, testicular tumor samples or isolated testes were analyzed for Pten genotype by PCR as directed by the animal provider, except the following oligonucleotide primers were used: Pten-S 5#-GATACTAGTAAGATAAAAACCAGTAGT-3#, Pten-AS 5#-GTCACCCAGGCCTCTTGTCAAGT-3# and Pten-P3 5#-GCTTGATATC-GAATTCCTGCAGC-3#. These primers produce PCR products of $400 bp for the wild-type Pten allele, 572 bp for the floxed allele and 290 bp for the Cre-recombined allele. Blood samples were collected by cardiac puncture under anesthesia prior to euthanasia. Testosterone and estradiol immunoassays were done on serum samples at the Ligand Assay and Analysis Core within the Center for Research in Reproduction at the University of Virginia. Intra-assay coefficients of variability were ,6% for the testosterone assay and ,19% for the estradiol assay. Testes for light microscopy histopathologic analysis were fixed in Bouin's fixative for 24 h, rinsed and dehydrated in alcohol and subsequently embedded in paraffin, sectioned and stained with hematoxylin and eosin. Testes samples for electron microscopy were fixed by cardiac perfusion with 2.5% glutaraldehyde buffered in sodium cacodylate (0.1 M) containing 0.05% calcium chloride (pH 7.4) and processed as described previously (25) . All procedures were approved by the Institutional Animal Care and Use Committee and conformed to the United States Public Health Service Policy on Humane Care and Use of Laboratory Animals.
Immunohistochemical and Immunofluorescence analyses
Immunohistochemistry was done on Bouin's-fixed, paraffin-embedded, 7 lm tissue sections using VectaStain Elite avidin-biotin complex method kits (Vector Laboratories, Burlingame, CA) as directed by the manufacturer. Sections were probed with primary antibodies against germ cell nuclear antigen 1, smooth muscle actin (ACTA2) (BioGenex, San Ramon, CA, #MU128-UC), cytokeratin (KRT) (Thermo Fisher Scientific, Neomarkers, Fremont, CA, #MS-343-P1), aromatase (CYP19A1) (Novus Biologicals, Littleton, CO, #APoooo1PU-N) and estrogen receptor alpha or progesterone receptor (Santa Cruz biotechnology, Santa Cruz, CA, #sc-543 and #sc-539, respectively) and staining was done using the 3,3#-diaminobenzidine peroxidase substrate kit (Vector Laboratories). For immunofluorescence experiments, testes were embedded in optimal cutting temperature compound (Sakura Finetek, Torrance, CA) and stored at À80°C before the preparation of 3 lm sections, fixed for 30 min in phosphate-buffered saline-buffered 4% paraformaldehyde at room temperature and overnight in phosphate-buffered saline-buffered 1% paraformaldehyde at 4°C. Sections were labeled or double labeled with primary antibodies against CTNNB1 (BD Transduction Laboratories, Mississauga, Ontario, #610153), anti-Müllerian hormone (AMH), cytochrome P450, family 17, subfamily a, polypeptide 1 (CYP17A1), Wilms tumor 1 (Santa Cruz Biotechnology, #sc-6886, sc-46081 and sc-846, respectively), PTEN (Cell Signaling, Danvers, MA, #9559) or vimentin (BD Transduction Laboratories, #5550513) in phosphate-buffered saline/0.3% Triton X-100 overnight at 4°C and subsequently probed with secondary Alexa Fluor 594-or 488-conjugated goat anti-rabbit, rabbit anti-goat, rabbit anti-mouse or goat anti-rat IgG antibodies (Molecular probes, Eugene, OR) for 1 h at room temperature. Slides were mounted using VectaShield with 4#,6-diamidino-2-phenylindole (Vector Laboratories). ;Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ GCTT were prepared using T-Per solution (Pierce, Rockford, IL) as directed by the manufacturer. The recovered supernatant was stored at À80°C until electrophoretic analyses were performed. Protein concentrations were determined by the Bradford method (Bio-Rad protein assay, Bio-Rad Laboratories, Hercules, CA). Samples (50 lg) were resolved by one-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12% acrylamide) under reducing conditions and electrophoretically transferred to a polyvinylidene difluoride membrane (GE Amersham, Piscataway, NJ). The membrane was probed with primary antibody against V-Akt murine thymoma viral oncogene homolog 1 (AKT1), phospho-AKT1 (S473), Forkhead box O1A (FOXO1A), phospho-FOXO1A (S256), FKBP12-rapamycin complex-associated protein 1 (FRAP1), phospho-FRAP1 (S2448) (Cell Signaling, #9272, #4051, #9462, #9461, #2972 and #2976, respectively), Forkhead transcription factor FOXL2 (Sigma, St Louis, MO, #F0805) or beta-actin (ACTB) (Santa Cruz Biotechnology, sc-47778) diluted in tris-buffered saline with 0.1% tween 20 containing 5% bovine serum albumin (Jackson ImmunoResearch Laboratories, West Grove, PA) or 5% dry milk. Following incubation with horseradish peroxidase-conjugated secondary goat anti-rabbit or rabbit anti-mouse antibody (GE Amersham, Pittsburgh, PA, #NA934VS and #NA931VS, respectively), the protein bands were visualized by chemiluminescence using the ECL Plus Western Blotting Detection Reagents (GE Amersham) and High-Performance Chemiluminescence film (GE Amersham).
Immunoblot analysis
Reverse transcription-PCR and semiquantitative reverse transcription-PCR Reverse transcription (RT)-PCR to detect expression of wild-type Ctnnb1 transcripts, transcripts derived from the Cre-recombined Ctnnb1 tm1Mmt allele and Cre transcripts in testes, testicular tumor samples, ovaries and lungs was done using the Superscript one-step RT-PCR kit (Invitrogen, Burlington, Ontario) on 1 lg RNA samples purified with the RNeasy mini kit (Qiagen, Mississauga, Ontario). Oligonucleotide primers used for Ctnnb1 were 'Ctnnb1-GF2' (5#-GGTAGGTGAAGCTCAGCGCAGAGC-3#) and 'Ctnnb1-AS5' (5#-ACGTGTGGCAAGTTCCGCGTCATCC-3#). For Cre, primers were 'Cre-S' (5#-CTCTGGTGTAGCTGATGATC-3#) and 'Cre-AS' (5#-TAATCGCCAT-CTTCCAGCAG-3#). Cycling conditions were 94°C for 1 min followed by 30 cycles of 94°C for 30 s, 55°C for 1 min and 72°C for 1 min. Semiquantitative RT-PCR to evaluate expression of Wingless-type MMTV integration site family member 4 (Wnt4) and ribosomal protein L19 (Rpl19, control gene) was performed on 1 lg RNA samples purified with the RNeasy mini kit (Qiagen) from Pten tm1Hwu/tm1Hwu ;Ctnnb1 ; Ctnnb1 tm1Mmt/þ testes, ovaries and lung. Oligonucleotides primers used for Wnt4 were Wnt4-S 5#-AGCTGTCATCGGTGGGCAGCAT-3# and Wnt4-AS 5#-ACTGTCCGGTCACAGCCACACT-3#, and primers for Rpl19 were Rpl19-S 5#-CTGAAGGTCAAAGGGAATGTG-3# and Rpl19-AS 5#-GGA-CACAGTCTTGATGATCTC-3#. Cycling conditions were 94°C for 1 min followed by 25 cycles (Rpl19) or 35 cycles (Wnt4) of 94°C for 30 s, 55°C for 1 min and 72°C for 1 min. Preliminary experiments done for Wnt4 and Rpl19 ensured that the cycle numbers selected fell within the linear range of PCR amplification (data not shown). PCR products were separated by electrophoresis on 1.8% tris acetate ethylenediaminetetraacetic acid-agarose gels containing ethidium bromide and photographed under ultraviolet light.
Statistical methods
Effects of genotype on estradiol and testosterone levels were analyzed by unpaired, two-tailed T-tests. P values ,0.05 were considered statistically significant. Analyses were done using Prism 4.0a software (GraphPad Software, San Diego, CA).
Results
Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice develop testicular degeneration and metastatic testicular tumors To determine if the PI3/AKT and WNT/CTNNB1 pathways could interact to trigger the formation of neoplasms from the multilayered cell foci observed in the seminiferous tubules of Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ animals, a mouse model (Pten tm1Hwu/tm1Hwu ; Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ ) was designed to obtain concurrent constitutive activation of both pathways in Sertoli cells. Male Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice were born in the expected Mendelian and male:female ratios and had morphologically normal gonads at birth (data not shown). However, histopathologic evaluation of Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ testes during post-natal development revealed clear signs of seminiferous tubule degeneration by 3 weeks of age, as evidenced by the loss of germ cells associated with presence of large clear vacuoles in Sertoli cells ( Figure 1C ). Atrophy of the seminiferous epithelium and associated germ cell loss then progressed rapidly, leading to the progressive decrease of seminiferous tubule diameter and the disappearance of the tubular lumen within several weeks ( Figure 1E and G). These observations were reminiscent of what had been previously observed in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ animals (ref. 10 and Figure 1F , H and J), except the onset of the degenerative process occurred earlier in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/ þ animals (i.e. 3 versus 5 weeks) and progressed more rapidly.
In addition to the atrophy of the tubules, a cell population accumulated in multilayered foci in many seminiferous tubules in Pten tm1Hwu/ tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice in a manner similar to A.Boyer et al. Mouse model of granulosa cell tumor of the testis what was observed in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice (ref. 10 and Figure 1E and J). However, unlike the foci that occurred in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testes, focal cells proliferated rapidly in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ animals, eventually escaping the confines of the tubules and forming microtumors that were observable in all animals at 5 weeks of age ( Figure  1E and G). Invasion and replacement of testicular tissue by proliferating tumor cells ( Figure 1G and I) and subsequent tumor growth occurred at a somewhat variable rate. By 3 months of age, $70% of animals had grossly evident unilateral testicular tumors, and 30% had bilateral tumors, typically with one tumor being much larger than the other (Figure 2A ). By 6 months of age, bilateral tumors were observed in all animals. Although some animals were euthanized for ethical reasons following the development of large tumors, Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice generally remained healthy despite their testicular tumors, and mortality attributable to the tumors was not observed even in mice kept up to the age of 1 year. Methodical histopathologic analyses of tissues from 4-month-old Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice revealed the presence of small tumors in the lungs of four of nine animals examined ( Figure 2B ). These appeared to grow slowly, as larger tumors were not observed in the lungs of older animals. Although the morphological similarity of the lung tumor cells to the testicular tumor cells suggested that the lung tumors were metastases, an additional experiment was conducted to rule out that they were primary lung tumors caused by ectopic expression of Cre. The expression of Cre and transcripts derived from the Cre-recombined Ctnnb1 tm1Mmt allele was evaluated in 3-week-old Pten tm1Hwu/ tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testes and lungs ( Figure  2C ). Neither Cre nor recombined Ctnnb1 tm1Mmt messenger RNA was detected in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ lungs, supporting the conclusion that the tumors observed in the lungs were metastases of the testicular cancer. Predictably, loss of PTEN protein expression, recombination of the floxed Pten alleles and abundant messenger RNA encoding dominant, stable CTNNB1 were observed in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testicular tumor samples ( Figure 2D and E), associating tumorigenesis with both sustained CTNNB1 signaling and the loss of Pten. Neither degenerative nor abnormal proliferative processes were observed in Pten tm1Hwu/tm1Hwu ;Amhr2 tm3(cre)Bhr/þ testes at any age ( Figure 2F ), and these animals were fertile. This result suggests that Pten may not be required for Sertoli cell function in mice and that its loss may be insufficient by itself to induce sex cord/stromal tumor formation.
Testicular tumors in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ mice are GCTT As the Amhr2 tm3(cre)Bhr allele directs Cre expression and genetic recombination of the Ctnnb1 tm1Mmt allele exclusively in the Sertoli cells of Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice (10), a Sertoli cell tumor phenotype was predicted in the Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ model. However, histopathologic analysis of Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testicular tumors revealed morphological characteristics inconsistent with Sertoli cell tumors (26) . Notably, tumor cells were not organized into tubular structures, but rather tended to form dense, follicle-like nests ( Figure 3A) . Furthermore, Pten tm1Hwu/tm1Hwu ,Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testicular tumor cells were round to pleomorphic with a scant, eosinophilic cytoplasm, unlike tumorous Sertoli cells that are generally elongated with an abundant, vacuolar cytoplasm (26) . However, all observed morphological characteristics were consistent with those described for the GCTT (26) . Electron microscopy analyses revealed the tumor cells to be polygonal in shape and to measure $4 to 6 lm in diameter ( Figure 3B ). The tumor cells were in close apposition to one another, and several tight junctions and cytoplasmic projections were observed multifocally. The cytoplasm featured small round mitochondria, few parallel arrays of rough endoplasmic reticulum and rare lysosomes and lipid droplets. The nuclei varied in shape and form, measuring between 2 and 4 lm in diameter and were euchromatic with a peripheral margination of nuclear chromatin; they were often deeply indented and occasionally featured prominent nucleoli ( Figure  3B ). All aforementioned ultrastructural characteristics were consistent with those described in GCTT in humans and mice (27, 28) .
To substantiate the histopathologic diagnosis of GCTT, the expressions of a series of gonadal cell molecular markers were examined. As previously observed in the multilayered cell foci that accumulate in the seminiferous tubules of Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice (10), Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testicular tumors expressed neither CYP17 nor germ cell nuclear antigen ( Figure 4A and B), indicating that they were neither of Leydig nor of germ cell origin. Rather, the tumor cells were strongly positive for Wilms tumor 1, a marker for the somatic lineage that gives rise to both granulosa and Sertoli cells ( Figure 4C ). AMH, a marker of both immature Sertoli cells and granulosa cells (29, 30) , was expressed at low levels, although interspersed foci of higher expression were usually present ( Figure 4D ). Molecular markers associated with later stages of granulosa cell differentiation, including progesterone receptor, estrogen receptor 1 (data not shown) and CYP19A1 ( Figure 5C ), were undetectable in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testicular tumors, suggesting a relatively undifferentiated granulosa cell phenotype. Consistent with this, 4-month-old Pten tm1Hwu/tm1Hwu ; Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice bearing testicular tumors did not have increased serum levels of testosterone or estradiol relative to age-matched Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ controls (T: 43.03 ± 8.933 versus 46.82 ± 13.26 ng/dl; E2: 25.48 ± 2.852 versus 30.32 ± 3.576 pg/ml, mean ± SEM, n 5 four to five animals per genotype, P . 0.05), indicating that the tumor cells had not differentiated sufficiently to support steroidogenesis. We therefore examined the expression of two early markers of commitment to the granulosa cell fate. Wnt4 is upregulated in ovarian somatic cells at the time of sex determination (31) and is expressed in granulosa cells at variable levels throughout folliculogenesis (32) . By RT-PCR, we detected 
Mouse model of granulosa cell tumor of the testis
Wnt4 messenger RNA in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ testicular tumors at levels comparable with control adult ovaries, but not in control testes ( Figure 4E ). Interestingly, low levels of Wnt4 expression were also detected in Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ testes, suggesting that the sustained activation of the CTNNB1 signal causes testicular somatic cells to commit to the granulosa cell fate ( Figure 4E ).
The transcription factor FoxL2 is expressed in the pregranulosa cells of newborn mice, and follicle development in FoxL2-null mice is arrested at a very early stage (33) . As for Wnt4, we detected FOXL2 protein in the testicular tumors by immunoblotting at levels that were comparable with those expressed in control ovaries ( Figure 4F ). No FOXL2 expression was detected in control testes, as had been previously reported (34) (Figure 4F ). Together, these results indicate that Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testicular tumor cells have morphological and molecular characteristics consistent with a poorly differentiated granulosa cell phenotype.
Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ GCTT express immunohistochemical markers characteristic of the human disease To compare the tumors seen in the Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ animals with human adult GCTT, a series of immunohistochemical markers were evaluated and compared with the ; Ctnnb1 tm1Mmt/þ testis (control, lane 4). ACTB was used as a housekeeping control gene.
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reported human GCTT marker profile (4). Vimentin and ACTA2, which are expressed in all human GCTT (4), were also detected in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ GCTT ( Figure  5A and B), although ACTA2 expression localized mainly to the tumor connective tissue rather than the malignant granulosa cells ( Figure  5B ). Other markers that are not expressed or that are expressed at a variable frequency in human GCTT (4) were not detected in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ GCTT ( Figure  5C and D).
AKT and FOXO1A phosphorylation in Pten tm1Hwu/ tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ GCTT To study the signaling mechanisms underlying GCTT development in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ animals, the expression of various PI3K/AKT pathway effectors was examined. Loss of PTEN activity normally relieves inhibition of PI3K activity, resulting in phosphorylation and activation of AKT (13) . As expected, the loss of PTEN expression in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ GCTT ( Figure 2E ) was associated with AKT phosphorylation that was virtually undetectable by immunoblotting in testis samples from Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ or Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ control mice ( Figure 6 ). The phosphorylation status of the AKT targets FOXO1A and FRAP1 (also known as mammalian target of rapamycin) was then examined, as both are believed to function as PI3K/AKT signaling effectors in ovarian granulosa cells (reviewed in ref. 35 ). FRAP1 phosphorylation was readily detectable in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ GCTT, but at levels comparable with control testes samples, suggesting that FRAP1 may not be a major downstream target of AKT in this model ( Figure 6 ). Phosphorylation of FOXO1A was also observed in Pten tm1Hwu/tm1Hwu ; Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ GCTT, and levels of phospho-FOXO1A were comparable with those detected in control testes (Figure 6) . However, levels of total FOXO1A protein in Pten tm1Hwu/tm1Hwu ; Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ GCTT were drastically lower than those observed in testes (Figure 6 ), and therefore, the relative level of FOXO1A phosphorylation was proportionately much higher in the tumor samples. Taken together, our results suggest that loss of PTEN expression in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ GCTT increases PI3K/AKT pathway activity and that the resultant signal is transduced via FOXO1A but not FRAP1.
Discussion
The GCTT are a rare form of cancer for which nothing is known of its molecular etiology. Yet, the elucidation of the mechanisms underlying GCTT development not only provides insight into the biology of Mouse model of granulosa cell tumor of the testis testicular sex cord/stromal tumors but may also provide important information regarding the process of sex determination. Sertoli and granulosa cells are believed to originate from the same multipotent progenitor cell type during embryogenesis, and the commitment of the progenitor cells to either the Sertoli or granulosa cell fate is a defining element of sex determination (reviewed in ref. 36 ). Tumor cells originating from the testis that bear morphological and gene expression characteristics of granulosa cells must therefore be derived either from persistent progenitor cells with a defect in cell fate determination or, perhaps less likely, from Sertoli cells that have been provoked to 'dedifferentiate' to the point of acquiring a granulosa cell-like phenotype.
Ample evidence now exists that WNT signaling is a critical regulator of sex determination. Notably, dysregulation of Wnt4 results in anomalies of gonadal and reproductive tract development, and XX Wnt4-null mice have a partial female-to-male sex reversal phenotype (reviewed in ref. 37 ). R-spondin1 (Rspo1) is a gene that has been identified as a potential regulator of the canonical WNT-signaling pathway and is able to activate CTNNB1 signaling (38) . As for Wnt4, loss of Rspo1 in mice results in partial sex reversal (39, 40) and human XY patients with chromosomal duplications including both WNT4 and RSPO1 show complete male-to-female sex reversal (41) . In addition, the stabilization of CTNNB1 during gonadal development leads to male-to-female sex reversal (42) . Consistent with the aforementioned studies, the present report demonstrates that postnatal constitutive stabilization of CTNNB1 results in the commitment of stromal cells to the granulosa cell fate in both Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ testes and in Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ GCTT. Our findings therefore provide further evidence that WNT signaling induces female sex determination and that its sustained activation can direct the granulosa cell fate even in genetically male cells. Our results also indicate that a genetic lesion that provokes the inappropriate commitment of testicular somatic cells to the granulosa cell fate is a requisite preliminary step in the development of GCTT. We propose that the multilayered foci of somatic cells that accumulate in the seminiferous tubules of Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ mice could represent primitive granulosa cells and that these foci are premalignant lesions from which GCTT can develop following additional genetic mutations. Consistent with this, we demonstrate herein for the first time that sustained PI3K/AKTsignaling pathway activation can cause the premalignant state to progress to metastatic GCTT. The Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ mouse therefore represents the first relevant experimental model for the study of GCTT and provides significant novel insight into its cellular and molecular pathogenesis.
In addition to causing GCTT development, concurrent activation of PI3K/AKT and WNT/CTNNB1 signaling in Sertoli cells also greatly accelerated the testicular degeneration phenotype described previously in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice (10). The mechanisms underlying this apparent synergy between the pathways remain to be elucidated and may differ between the testicular degeneration and GCTT development phenotypes. Our study of the signal transduction mechanisms downstream of PI3K/AKT revealed a high level of phosphorylation of the AKT target FOXO1A. In addition, FOXO1A protein levels were very low compared with control testicular tissue, suggesting that a decrease in FOXO1A expression may also be involved in GCTT pathogenesis in this model. It has been previously reported that sustained activation of PI3K/AKT signaling can downregulate FOXO1A expression by promoting its proteosomal degradation (43) , and therefore, both increased FOXO1A phosphorylation and its decreased expression are consistent with the notion that it transduces the PI3K/AKT signal in Pten tm1Hwu/tm1Hwu ; Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ GCTT. FOXO1A is thought to induce apoptosis in several cell types including cancer cells (44) and to induce G 1 arrest by upregulating cyclin kinase inhibitor p27 KIP1 (45) and downregulating cyclin D1 and D2 (46) . AKT negatively regulates FOXO1A activity via phosphorylation, which results in either its sequestration in the cytoplasm (47) or its degradation by the proteasome machinery (44) . It therefore seems reasonable to propose that loss and phosphorylation of FOXO1A in the Pten tm1Hwu/tm1Hwu ; Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ GCTT model could be a major mechanism by which the premalignant cells acquire an increased rate of proliferation and escape apoptosis and thereby progress to a malignant tumor cell phenotype. We chose to limit our analyses to FOX-O1A and FRAP1, as these are the only effectors presently known to transduce physiological PI3K/AKT signals in ovarian granulosa cells (reviewed in ref. 35 ). However, a large number of AKT substrates have been identified in various cell types that may also play critical roles in tumor development, including Bc12 antagonist of cell death, caspase-9 and mouse double minute 2 homolog (48) . Further studies will be required to determine if these or other PI3K/AKT signaling effectors are involved in GCTT development in the Pten tm1Hwu/ tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ model.
We have recently reported that female Pten tm1Hwu/tm1Hwu ; Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice develop ovarian GCTs that metastasize to the lung (20) . While this suggests that the targeted genetic lesions cause the development of the same disease in both males and females, Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ GCTs and GCTTs differ in several important ways. Notably, tumor development is initiated perinatally in females, and the tumors grow much more quickly and are fatal before 9 weeks of age (20) . Likewise, the pulmonary metastases are much more frequent and grow more aggressively in female Pten tm1Hwu/tm1Hwu ; Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice (20) . Taken together, these findings indicate that, despite being caused by identical genetic lesions, the GCTs that developed in females were of a more malignant phenotype. This sexual dimorphism may be explained by the fact that the Amhr2 tm3(cre)Bhr allele drives Cre expression in the gonadal somatic cells at distinct stages of development in each sex. Indeed, it was shown previously that the Amhr2 tm3(cre)Bhr allele can direct Cre activity in embryonic ovaries, whereas activity in the testes can only be weakly detected starting at 7 day post partum, with a large increase at 2 weeks of age (49) . Differences in granulosa cell malignancy between male and female Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ; ;Ctnnb1 tm1Mmt/þ (control) testis (lanes 7-9). ACTB was used as a housekeeping control gene.
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Amhr2 tm3(cre)Bhr/þ mice may therefore be the consequence of differences in gonadal stromal cell differentiation at the time of Cremediated recombination of the Ctnnb1 tm1Mmt allele. Other factors that may influence the sexually dimorphic behavior of the tumors could stem from differences between the ovary and testis. For instance, the structural and hormonal microenvironment of the testis may be less favorable than the ovary to support tumor cell growth, although this does not explain why tumor cells in lung metastases grew more aggressively in female mice than in males, whose lungs presumably provide similar environments for the establishment and growth of metastases. Genetic and/or epigenetic differences between male and female gonadal stromal cells may also create differences in gene expression that could influence the behavior of tumor cells. Importantly, aging Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ females develop GCT (9), whereas testicular tumors were never observed in males of this genotype, despite the presence of premalignant lesions in the gonads of both sexes (10) . This suggests that premalignant granulosa cells have a lesser inherent susceptibility to develop into tumors in males, in addition to their aforementioned propensity for developing a less aggressive form of the disease. These observations may help explain the rarity of GCTT in all species in which they have been described (4, 50) .
In summary, this study reports for the first time that dysregulated WNT/CTNNB1 and PI3K/AKT signaling interact in a synergistic manner to cause GCTT. Pten tm1Hwu/tm1Hwu ;Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ mice represent a model for GCTT that closely resembles the human disease in terms of morphology and marker expression and that will serve to provide the first insights into the pathobiology of this poorly understood disease. 
